Composites of graphene in a chitosan-lactic acid matrix were prepared to create conductive hydrogels that are processable, exhibit tunable swelling properties and show excellent biocompatibility. The addition of graphene to the polymer matrix also resulted in significant improvements to the mechanical strength of the hydrogels, with the addition of just 3 wt% graphene resulting in tensile strengths increasing by over 200%. The composites could be easily processed into three-dimensional scaffolds with finely controlled dimensions using additive fabrication techniques and fibroblast cells demonstrate good adhesion and growth on their surfaces. These chitosan-graphene composites show great promise for use as conducting substrates for the growth of electro-responsive cells in tissue engineering.
Introduction
Modern tissue engineering techniques seek to overcome the limitations of traditional medical procedures that require the repair or replacement of tissues. In these techniques, cells adhere to three-dimensional scaffolds, which provide structural support while the tissue regenerates to repair the damaged tissue and organs. One of the major limitations in tissue engineering is the development of suitable materials for these scaffolds. 1 The processability of the material, the correct physical properties and cellular compatibility are the major factors that determine the suitability of these materials.
Traditional polymeric materials are commonly used for tissue scaffolds but lack some desirable properties 2 , such as electrical conductivity that has been shown to be beneficial as electrical stimulation can improve the growth of electro-responsive cells such as nerve and muscle cells. [3] [4] [5] The introduction of an electrically conducting filler to a polymeric matrix can not only produce electrically conducting scaffolds, but can also improve the tensile strength.
Chitosan is a semi-crystalline natural polymer with good biocompatibility and biodegradability that has been used in a variety of applications such as artificial skin, tissue engineering and drug delivery. 6 Chitosan is a derivative of chitin and is obtained by the partial deacetylation of chitin under alkaline conditions or by enzymatic hydrolysis in the presence of a chitin deacetylase.
However, poor mechanical properties restrict its application in certain fields. It has been shown that the incorporation of nanofillers and the synthesis of composites provide effective routes to improve the physico/chemical properties of such biopolymers. [7] [8] [9] [10] Chitosan is an ideal polymer for composite synthesis as multiple functional groups on the chitosan backbone result in easy covalent or physisorbed attachment of filler materials to the polymer matrix.
Graphene is a single layer two-dimensional carbon material arranged in a honeycomb lattice. 11 This nanostructured material is regarded as an ideal reinforcing filler in the preparation of polymer composites due to its high aspect ratio and excellent mechanical, electrical, optical, thermal and magnetic properties. 12, 13 In contrast to other widely used nanomaterial fillers such as carbon nanotubes, the synthesis of graphene is facile, inexpensive and can easily be scaled up 14 . It has also been reported that graphene/polymer composites exhibit improved thermal, electrical and mechanical properties compared to other nanostructured carbon fillers at similar volume fractions whilst retaining the processability of the polymer, thus allowing the fabrication of complex three-dimensional structures. 15, 16 In addition, there have been many reports indicating the harmful effects of carbon nanotubes both in vitro and in vivo 17, 18 , while recent work has shown that not only is graphene a biocompatible material but it can also be beneficial in cell growth. 4, 5 Most work on composites of biopolymers and graphenic materials has been carried out with non-conducting graphene oxide (GO). 19, 20 More specifically, a number of authors have shown that the addition of GO can improve the mechanical properties of chitosan films significantly 21, 22 and there are some reports on the effects of graphene oxide on the biocompatibility of graphene-chitosan composite films. 10, 23 However, very little work has been done to study the effect of the addition of well dispersed, electrically conductive graphene nanosheets on the chitosan matrix.
Although acetic acid is the most commonly used solubilizing cross-linking acid in the preparation of chitosan and chitosan composite films, it must be utilised with care in biomedical applications as it can cause adverse effects on cell growth. 24 Lactic acid, on the other hand, plays a pivotal role in many biochemical reactions, has been shown to be less cytotoxic than acetic acid and has hydroxyl and a carboxyl functional groups making it an ideal cross-linking agent for chitosan entangled hydrogels for biomedical applications. 24, 25 It has also been shown that the chitosan films made using lactic acid exhibit improved mechanical properties making them promising candidates for fabricating scaffolds for tissue engineering. [26] [27] [28] In this work, we have prepared conducting biocompatible hydrogels using chitosan and lactic acid as the matrix.
Graphene was used as a filler to improve the mechanical properties and conductivity of the hydrogels. We have developed a facile preparation method for producing graphene/chitosan composites that can be cast as films or extrusion-printed into 3D scaffolds. Cell studies demonstrated that the composites are biocompatible and show good potential to be used in future tissue engineering studies.
Materials and Methods

Materials
Chitosan powder (medium molecular weight) and P 2 O 5 were purchased from Sigma-Aldrich. Graphite powder was obtained from Bay Carbon. Acetic acid, sulphuric acid and 30 % H 2 O 2 were purchased from Ajax Finechem. DL-lactic acid (80-85% aqueous solution) was purchased from Alfa Aesar. K 2 S 2 O 8 and KMnO 4 were obtained from Chem-supply. Milli-Q water with a resistivity of 18.2 mΩ cm −1 was used in all preparations.
Preparation of chemically reduced graphene oxide dispersion
Graphene oxide (GO) was synthesized from natural graphite powder using a modified Hummers' method in two steps using K 2 S 2 O 8 , P 2 O 5 and H 2 SO 4 followed by H 2 SO 4 , KMnO 4 and H 2 O 2 to achieve better oxidation of graphite. 29, 30 The synthesized GO was suspended in water and sonicated for 80 min to create a 0.05 wt% exfoliated GO dispersion. The resulting brown dispersion was mixed with hydrazine and ammonia and was kept at 95°C under stirring for 1 hour. The weight ratio of hydrazine to GO was fixed at 7:10. The resulting aqueous graphene dispersion (CCG) with a graphene concentration of 0.5 mg ml -1 was stable for several weeks. 31
Preparation of chitosan graphene films
In a typical reaction to prepare the composites, chitosan powder was added to an aqueous graphene dispersion to 
Characterization
All testing was carried out at least in triplicate and for tests in the dried state the materials used were dried thoroughly and kept in desiccators until analysis. FTIR spectra were measured between 400 and 4000 cm −1 on a Shimadzu IRPrestige-21 infrared spectrometer. The spectra of CSG films were obtained using 1 cm x 1 cm films on an ATR attachment, while transmission mode in The wet weight of the composite was determined by removing adsorbed water from the surface, then weighing the wet composite immediately on an electronic balance.
The percentage swelling of the composite in the water were then calculated from the formula:
where E sr is the percent swelling of the sample, W s denotes the weight of the sample in the swollen state and W d is the initial weight of the sample.
Fabrication of Scaffolds
Extrusion printing of various CSG blends was conducted on aqueous dispersions at a concentration of 2 wt% chitosan in water using a custom modified computer 
Results and Discussion
Chitosan is a natural material that, due to its biocompatibility, can be used in a wide range of biomedical applications. [32] [33] [34] However, its lack of processibility is a major drawback; chitosan is insoluble in pure water or organic solvents and an acidic medium is required to make a processable chitosan solution. The solubilization of chitosan in organic acids results in entangled hydrogels formed from weak hydrogen bonding with the acid. 35 The acid type and chitosan concentration can play an important role in determining the properties of the resultant chitosan film. 36, 37 Choosing the correct acid type and chitosan concentration becomes more crucial when producing composites with chitosan and filler, as the acid can have a determining effect on the quality of the resulting composites.
Graphene/chitosan composite (CSG) films containing up to 3 wt% reduced graphene oxide were easily prepared by casting a homogeneous dispersion of the appropriate amount of lactic acid with an aqueous mixture of the graphene and chitosan. It was important to find the optimum chitosan/lactic acid ratio as it has a direct effect on the homogeneity of the solution and subsequently the quality of the film. In this case, the optimum chitosan:lactic acid ratio was found to be 1:2 w/w (Table   S1 ). The CSG films were thoroughly washed and dried and characterised by thermogravimetric analysis, scanning electron microscopy, infrared and Raman spectroscopy, X-ray diffraction analysis and conductivity measurements, prior to mechanical testing.
Scanning Electron Microscopy
Scanning electron microscopy (SEM) was used to determine the quality of the dispersion of reduced graphene oxide nanosheets in the polymer matrix. Fig. 1 shows SEM images of chitosan films with different graphene loadings. Comparing the cross-sectional images, the inner structure of CSG-1.5 and CSG-3 appears much dense and stratified than that of CSG-0 which, as all samples were prepared similarly, is most likely due to differing compositions and interfaces. This is indicative of a strong interaction between chitosan and graphene. This strong interaction can be observed empirically in the enhancement of the tensile strength by increasing the graphene content as observed in mechanical properties test.
Material Composition
Thermal studies showed that following the removal of unbound excess lactic acid using a multi-step washing procedure, the CSG composites consisted of a complex hydrogen-bonded lactic acid/graphene/chitosan material with increased thermal stability (Fig. S1 ). Infra-red spectroscopy was used to probe and clarify the interactions between graphene and the chitosan/lactic acid matrix (Fig. 2a) . Two absorbance bands at 1658 and Raman spectra were collected on chitosan films and the CSG composites between 400 and 2500 cm -1 (Fig. 2b ). In chitosan, the peak at 898 cm -1 is attributed to NH 2 wagging. The multiple peaks around 1099 cm -1 can be attributed to ether bonds and the stretching of glycosidic bonds and the band at 1377 cm -1 is associated with methyl group bends. 38 In the spectra of the graphene composites, there are two significant peaks at 1328 and 
X-ray Diffraction
The XRD patterns of the films are shown in Fig. 3 . Pure chitosan shows two major peaks at 2θ = 10.7°, corresponding to the hydrated crystalline structure, and 2θ = 21.2° corresponding to the amorphous state of chitosan. 41, 42 The reduction in diffraction intensity at 2θ 
Conductivity
Chitosan is generally an insulating material in its pristine state (conductivity less than 1E -8 S m -1 43 ) and previous work on graphene chitosan blends have used insulating GO and have not affected the conductivity. 10, 21, 44, 45 However, as expected, the conductivity of the composites increases with increasing addition of conducting chemically converted graphene content (Fig. 4) . In composite films prepared using lactic acid, addition of just 3 wt% graphene improves the conductivity to 1.33E -1 S m -1 . There is also a very low percolation threshold in the dry state with addition of less 0.1 wt% graphene resulting in conductivities that are orders of magnitude higher than the pristine polymer. 
Swelling Studies
The swelling characteristics of the chitosan composites were determined by swelling the composite in DI water at room temperature with the swelling %, E sr , calculated using Equation 1 (see Materials and Methods section).
Lactic acid/chitosan (CSG-0) swells up to 400 % in the first 10 min and up to 500 % in DI water within 6 hours.
As is clearly apparent in Fig. 5 , the swelling of the CSG composites could be controlled by the addition of graphene with swelling decreasing with increasing graphene content, presumably due to the interaction between the polymer matrix and the hydrophobic graphene nanosheets. Acetic acid/chitosan films (CSG-AA) on the other hand, showed significantly less swelling (a) than that achieved by lactic acid/chitosan matrices, with the maximum swelling found to be just 148 %. 
Mechanical properties
Typical stress−strain curves for chitosan films with different graphene loadings are shown in Fig. 6 . The tensile strength and modulus of the composites in the dry state significantly increase with increasing graphene content with only a small decrease in elongation on break ( Fig. 6a ). On incorporation of only 0.5 wt% graphene, the tensile strength is improved by more than 58 %, whereas the addition of 3 wt% graphene improved the tensile strength by more than 223 % and the Young's modulus by more than 135 % ( Table 1 ). The improvement in tensile strength and modulus of the composites indicates good dispersion of graphene sheets in the composite matrix and the strong interaction between graphene and the other components of the composite. As expected, the tensile strength of the samples is reduced in their swollen state as water molecules interact strongly with the hydroxyl groups of chitosan, resulting in swelling and weakening of intermolecular H-bonds (Fig. 6b ). As such, the tensile strength of the swollen chitosan lactic acid film is approximately 230 kPa. Addition of graphene increased the tensile strength to more than 372 kPa even in the swollen state partly as a result of the reduced swelling degree (Table 1 ). These increases of more than 200% in tensile strength and 130% in modulus compare well with previous studies and even exceed the improvements in mechanical properties shown on the addition of non-conducting GO to chitosan. 21, 44, 45 On the other hand, swollen samples show much better elongation at break compared to dried samples (Fig. 6b ).
Elongation at break of the swollen CSG-0 is around 50 %, more than four times higher than the dried material, and swollen CSG-3 is almost 9 times higher than dried films.
Scaffold Printing
Three-dimensional fabrication is an important aspect of % dead cells) for the untreated tissue culture controls ( Fig. S3a and b) . Importantly, the side scatter, which gives a measure of the granularity of cells in flow cytometry, was either unaffected or decreased in graphene-exposed cells compared to control cells, suggesting that graphene had not been taken up by the cells. This is supported by bright field images of the cells growing in the presence of the dispersed graphene ( Fig.   S3c and d) , which demonstrate a normal morphology for fibroblasts, and show no inclusion of dark material in the cytoplasm or any organelle.
Cell culture on CSG films and scaffolds. L-929 cells were grown on a CSG film (CSG-1.5) for 48 hours, before staining with a live-dead cell stain. The images of cells (see Fig. 8a) show that cells adhered well to the film surface and showed a morphology typical of fibroblasts.
The proportion of dead cells was very low at less than 0.1 wt%, and the density of the cells was increased over the seeding density. Fig. 8a and Fig. 8b show a comparison of cells grown on the CSG-1.5 film to cells grown on a chitosan-only film under the same culture conditions,
demonstrating that the addition of graphene did not affect the attachment or proliferation of cells. Finally, L-929 fibroblast cells were grown on printed scaffolds as described above. The 30 layer scaffolds were extruded from CSG-0.5, with a fibre diameter of 100 µm and a pore size of 500 µm. Prior to cell culture, scaffolds were de-acidified, and cells were seeded using 0.3 ml cell solution per scaffold containing 1E 6 cells ml -1 and incubated for 24 hours before fixing and imaging. As shown in Fig. 9 , cells adhered to and proliferated on the scaffolds, and cells were observed on the scaffold surface through all 30 layers. 
Conclusion
In this paper, we prepared graphene/chitosan composites through a simple and quick approach using aqueous reduced graphene oxide and lactic acid as a crosslinker.
Analysis showed strong hydrogen bond interactions and excellent dispersion of graphene nanosheets in the chitosan/lactic acid matrix. These graphene composites showed large improvements in the conductivity and mechanical properties but retained the processability and swellability of the polymer matrix resulting in a robust, conducting material that could be extrusion-printed into three-dimensional scaffolds. These large improvements at such low graphene contents minimize the risk of accumulation of graphene on degradation and with fibroblast cells exhibiting good proliferation, adherence and viability on the graphene/polymer surfaces suggests that they are excellent candidates for biodegradable materials in tissue engineering cell scaffolds. Compared to previous works that used carbon nanotubes to make hydrogel hybrids, our graphene/chitosan composites show similar or better increases in conductivity and mechanical properties as well as low cost of production, easy dispersibility and most importantly a lack of toxicity.
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